Contractile behavior of the sheep cardiac Purkinje fiber was examined under voltage-clamp conditions in Tyrode's solution. For square depolarizing clamps to a given voltage, peak twitch tension depended on clamp duration if the duration was less than 80 to 90 msec, but measurable contractions could be obtained following 2-msec square clamps. Time to peak tension at 37°C remained constant as clamp duration was shortened. Twitch tension also depended on clamp voltage. The voltage at which tension was first seen, the position of the voltage-tension curve on the voltage axis, and the shape of the curve all were altered by a shift in the steady membrane voltage. After a contraction, recovery of trie contractile system was voltage-dependent; recovery was complete in approximately 2 seconds if the muscle was repolarized to potentials more negative than -75 mv, and no recovery was found at potentials more positive than -20 mv.
• The coupling of excitation and contraction in muscle is not completely understood. The experiments of Niedergerke on frog ventricle (1) and those of Hodgkin and Horowicz on frog skeletal muscle (2) indicated that contracture tension could be graded by depolarizing muscles with elevated external potassium. This method of controlling membrane voltage has provided useful information about the voltage dependence of the contractile mecha-nism. Only recently, however, has the potassium contracture technique been successfully applied to mammalian cardiac muscle (3, 4) and the results, particularly in ventricular tissue (4) , suggest that there may be important differences between the excitation-contraction coupling mechanisms of mammalian and amphibian cardiac muscle.
The cardiac action potential can be modified by the application of constant current pulses, a technique pioneered by Kavaler (5) and refined and extended by Morad and Trautwein (6) , Wood et al. (7) , and Antoni et al. (8) . Results of these studies indicate that very complex relationships exist between membrane voltage and tension development in mammalian cardiac muscle, but it is difficult to draw conclusions about the details of these relationships because the methods used allowed only partial control of membrane voltage.
Voltage-clamp techniques allow more rapid and flexible control of membrane voltage than can be obtained with potassium depolarization or constant current pulses, and two such techniques have been used to study excitationcontraction coupling in mammalian heart. Fozzard and Hellam (9) applied the voltageclamp technique developed by Deck et al. (10) to the study of contraction in sheep cardiac Purkinje fibers, using this preparation as a model system for investigating excitationcontraction coupling in mammalian ventricle. Beeler and Reuter (11, 12) have recently published studies in which they used a carefully refined sucrose-gap technique to investigate the contractile behavior of dog ventricular trabeculae. Neither clamp method can be considered to produce completely uniform spatial control of membrane voltage, but both allow observations not previously available.
As investigations of this type continue, it should become possible to define clearly the voltage dependence and time dependence of contraction in mammalian ventricle. The results presented in this paper extend the work begun by Fozzard and Hellam (9) using the Purkinje fiber preparation. In particular, the central role of the steady membrane potential in the activation and recovery of contraction is demonstrated.
Methods
Sheep hearts were obtained at the slaughter house immediately after exsanguination of the animal and were brought to the laboratory in cool oxygenated Tyrode's solution. Free-running terminal branches of the Purkinje fiber network were dissected and placed in oxygenated Tyrode's solution at room temperature until needed. Fine branches that appeared to have only a single column of cells were selected under a dissecting microscope. Segments about 1 to 1.5 mm long were isolated by firm ligation with strands of unbraided suture silk. These ties also fastened each end of the preparation to fine stainless steel suture wire that allowed the preparation to be attached to the transducer (inset, Fig. 1 ).
The Tyrode solution contained, in DIM: NaCl, 137; KC1, 5.37; MgCl 2 , 1.05; NaHCO 3) 13.5; NaH 2 PO 4 , 2.4; CaCl 2 , 2.7; dextrose, 11.1. The solution was saturated with a gas mixture of 95% O 2 and 5% CO 2 .
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TENSION RECORDING
The physical arrangement of the force transducer and muscle chamber is illustrated in Figure  1 . The photoelectric transducer used was similar to that described by Hellam and Podolsky (13) and Fozzard and Hellam (9) . A movable arm was mounted on two parallel phosphobronze leaf springs; a vane fastened to the arm between the springs partially interrupted a light beam between a light source (Dialco 507-3913-1475) and a photodiode (TI IN 2175). The light source, an indicator light assembly with a frosted plastic housing, was modified by aligning die bulb in the housing and inserting a beaded plastic diffuser between the bulb and the frosted surface of the housing. The end of the housing was then masked so that light emerged from a vertical slit parallel to the edge of the vane. The output of the photodiode was balanced by a bridge circuit so that the output was zero with the arm in the null position. Force applied to the transducer arm moved the vane slightly, thereby increasing the output of die bridge circuit. The compliance of the leaf spring and arm assembly was such that the external length of the preparation changed less than 0.5% during a maximal twitch.
The output of the photodiode circuit was Transducer and chamber arrangement used. The transducer assembly was mounted on a micromanipulator and electrically isolated from the bath. A worm gear on the back of the transducer allowed the length of the preparation to be adjusted. The inset shows the position of the preparation in greater detail; the indifferent electrode and electrode mounts are omitted for simplicity. (See text.) amplified and electronically filtered by two stages of an operational amplifier (Tektronix Type O). The components of the filter stages were chosen to give each stage a d-c gain of about 5 and a frequency response which was 3 db down at 40 Hz. Such a filter introduces a delay into the signal; the calculated delay for each stage was 4.2 msec. The filter behavior was checked by measuring the output of both stages in series in response to a sine wave input of known amplitude and frequency. At frequencies between 0 and 10 Hz, the gain varied less than 5% and the delay was approximately constant at 8.4 msec. The twitch obtained from the preparation could be approximated by a sine wave of about 5 Hz. All time measurements reported for tension are corrected for an 8.4-msec delay, but we have not attempted to alter the experimental records used as illustrations to compensate for the small error introduced. The output of the transducer was 44.3 mv/mg-wt after amplification, and output was linear to at least 500 mg-wt. Depending on oscilloscope gain, tensions as small as 0.25 mg-wt could be measured.
The suture wires on the ends of the preparation were threaded through short lengths of small-bore hypodermic tubing on the movable and mechanical ground arms of the transducer and bent to hold the preparation in place (Fig. 1 ). The preparation was stretched to 140% of rest length by a worm gear on the mechanical ground arm. This brought the muscle to a length near the peak of its length-tension relation (Hellam and Fozzard, unpublished observations).
The preparation was mounted in a 3 mm wide channel in the lucite chamber ( Fig. 1 ) and lowered gently against a narrow bridge across the channel. The bridge provided a firm base for impaling the preparation. The chamber was wider and deeper at the end containing the attachment to the movable arm of the transducer in order to reduce the mechanical noise resulting from solution flow. Tyrode's solution flowed past the muscle at approximately 0.3 ml/sec. A slower rate of flow would have reduced mechanical noise considerably, but might have compromised temperature control and oxygenation. Temperature was kept between 36° and 37°C and did not vary by more than ±0.2°C during an experiment.
VOLTAGE-CLAMP TECHNIQUE
Voltage was controlled by the two-micropipette technique described by Deck et al. (10) . The basis for this method is that a point source of current will result in approximately uniform membrane currents if the cablelike column of cells is short relative to the length constant of the cable. An essential factor in voltage uniformity is a healing over of the damaged ends where the fiber is tied to the transducer. This healing over results in a high resistance termination of the cable at the points of damage (14) .
The voltage and current electrodes were micropipette electrodes filled with 3M KC1 and had resistances between 6 and 8 megohms. The current electrode was inserted into the middle of the column and the voltage electrode was positioned halfway between the current electrode and one end of the preparation. Voltage was controlled by a feedback amplifier system (Philbrick USA-4) similar to that used by Fozzard (15) .
For many of our experiments, we needed the end of a square wave command pulse at one voltage to coincide precisely with the beginning of another command pulse at a different voltage. This requirement was met by a system of four pulse generators that were triggered on and off by timing pulses from a specially built digital timer. With this arrangement, the pulse duration could be precisely controlled and a single timing pulse could be used to turn one pulse generator on and another off. Bias voltages could also be used to alter the steady potential (holding potential) between square test clamps if a holding potential different from the resting potential of the preparation was desired.
Membrane currents were recorded with an operational amplifier (Tektronix Type O) to maintain a virtual ground, primarily to aid in determining whether we had adequate control of the membrane voltage. The gain was low to allow us to assess the control of the sodium current and was inappropriate for the study of smaller currents; e.g., the inward current attributed by Reuter (16) to calcium. Our analysis of the currents recorded has therefore been limited to monitoring voltage control and early inward current.
When the command pulse produced an imbalance at the input of the feedback amplifier, current flowed into the fiber through the micropipette placed intracellularly at the middle of the preparation. This current altered the capacitive charge on the surface membrane (15) within a millisecond. A serious limitation of this technique is incomplete control of the fast inward sodium current during the first few milliseconds after a square clamp above threshold for sodium current. While voltage at the recording micropipette was held constant, the clamp was probably not uniform over the length of the fiber during the first few milliseconds. The problem of voltage control during the time when the early sodium current was flowing would have been reduced or eliminated by decreasing the sodium concentration in the bathing solution, but because altering the external sodium concentration has important effects on the contractile behavior of cardiac muscle (3, 12, 17) , we chose to accept the difficulties of working in normal Tyrode's solution. In spite of these difficulties, neither contraction nor inward sodium current was all-or-none, but both increased smoothly as the fiber was depolarized beyond mechanical and sodium current threshold.
The Purkinje fiber also appears to have surface membranes that are separated from the external solution by a resistance (15, 18) . It seems likely that the potential difference across these membranes was not altered as rapidly as that across the surface membrane during a step change in voltage. Since no method is available to measure the potential difference across these membranes, it is not possible to decide if a voltage gradient is present during the steady state.
Results
The results in this paper are restricted to a study of the first contraction following rest periods of 1.5 minutes or longer (rest contractions) and the time dependence and voltage dependence of recovery following these rest contractions. The response to a train of square clamps is more complex and depends on clamp duration (19) .
GENERAL CHARACTERISTICS OF CONTRACTIONS
We obtained phasic contractions in response to either action potentials or voltageclamps. Relaxation occurred even if a square clamp was prolonged beyond the normal action potential duration. When the membrane voltage was clamped to or above -20 mv, some steady tension was often present as long as depolarization was maintained, but this steady tension was almost always small relative to the phasic (twitch) response. Complete relaxation occurred when the muscle was repolarized. The behavior of contractile responses under our experimental conditions was, therefore, similar to that observed by Fozzard and Hellam (9) . Latency was measured as the time between the beginning of the clamp or action potential upstroke and the first appearance of tension. Because of mechanical noise due to solution flow and building vibrations, the measurement of latency was subject to considerable inaccuracy, which was minimized if results from preparations which gave relatively strong contractions were measured. Latency aver- Dependence of peak twitch tension on the duration of square clamps from a holding potential of -80 mv to a clamp voltage of -23 mv. The dashed line is drawn through a time to peak tension of 96 msec. aged about 10 msec; values were usually in the range of 5 to 15 msec. Measurement of time to peak tension was less affected by the noise level. The elapsed time between the beginning of the clamp and peak twitch tension in most experiments was between 95 and 135 msec. Within the limits of our ability to make accurate measurements, few of our experimental procedures had a clear effect on time to peak tension (e.g., Fig. 2 ) or latency. Changes in these measurements that were found under some conditions will be discussed in connection with the appropriate experiments.
ACTIVATOR RELEASE
The activator that brings about contraction in cardiac muscle may enter the fiber during depolarization, be released from internal stores by depolarization, or both. Little is known, however, about the rate of activator release. (The term "release" is used here to refer to either or both of the mechanisms that may make activator available for contraction.) One way of inferring the time course of activator release is to determine peak contractile response as a function of clamp duration (9) . Figure 2 shows the result of one such experiment. Peak twitch tension is plotted as a function of clamp duration, and the time to peak tension of each contraction is also given.
Beginning with a 300-msec clamp, clamp duration was shortened in successive trials. Clamp duration did not affect peak tension until the duration was somewhat less than time to peak tension. A decrease in peak tension occurred as the clamps were made shorter, but there was no systematic change in time to peak tension. There was still some tension generated in response to a 2-msec clamp, the shortest duration examined. Since voltage control was probably less reliable at these very short times, the exact shape of the early part of the curve in Figure 2 is less certain than that of the later part of the curve.
Since time to peak tension remained constant as clamp duration was shortened, the decrease in peak tension must have been due Replotted contractions from the experimental records in Figure 3 . The set of measurements for each contraction was normalized to unity by dividing each measurement by the peak tension of that contraction. The results are plotted together here, with increasing tension in the usual upward direction, to show the effect of clamp duration on contraction time course. Ordinate: tension relative to maximum tension for each contraction. Abcissa: time after beginning of clamp (corrected for filter delay). Symbols are identified by clamp duration and by letters corresponding to the records in Figure 3 . (See text.)
Five consecutive records from an experiment to determine the dependence of peak tension on clamp duration. Clamps were from a holding potential of -65 mv to a clamp voltage of 3 mv. Tension is recorded downward in the upper trace in each record. Clamp durations were: (A) 490 msec; (B) 195 msec; (C)
to a decrease in the rate of tension development (dP/dt). Five consecutive records from a short clamp experiment on another fiber are shown in Figure 3 . Tension was recorded downward in the upper trace. In Figure 4 , the data from Figure 3 were replotted as follows. Each tension record in Figure 3 was measured at 20-msec intervals, and each point was normalized so that the peak tension of each curve was unity. Note that the contractions in response to 25-, 50-, and 100-msec clamps followed similar time courses. If depolarization was maintained beyond the peak of contraction, however, the rate of relaxation was slowed.
VOLTAGE-TENSION RELATION
The voltage-clamp technique makes it possible to examine the relation between voltage and tension in heart muscle under conditions in which the resting membrane voltage is controlled and the ionic environment of the muscle is not changed during the course of the experiment. The results of a typical experiment on the Purkinje fiber preparation are given in Figure 5A . Peak
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FIGURE S
Dependence of peak tension on clamp voltage (A). Arrow indicates the holding potential of -67 mv. Numbers next to the experimental points indicate the order in which the observations were made. In B tension is recorded upward in the lower trace. Numbers in the upper left of each record correspond to those on the experimental points in A. Calibrations: white line at the upper right of each record = -25 mv; white line at the lower right = -75 mv. Voltages and tensions for each record may be obtained from A. (See text.)
twitch tension is plotted as a function of clamp voltage; the holding potential was -67 mv and 500-msec square clamps were used. Figure 5B shows the records from which points, 1, 4, 5, and 9 were measured. In these records, the tension was recorded upward on the lower trace.
There was no tension response until clamp voltage exceeded -58 mv (tension threshold). Above -58 mv, peak tension was a steep function of membrane voltage. There was an inflection of the curve at about -20 mv, and a secondary rise at more positive potentials. There was no clear plateau of the voltagetension curve in the voltage range examined. This experiment and that shown in Figure 6 also illustrate that the sequence in which the measurements were made was unimportant.
When the resting potential was more negative than in the experiment described above, the inflection was less pronounced than it is in Figure 5 (see, for example, the left hand curve in Fig. 6 ).
In some of our voltage-tension experiments, including that in Figure 5 , we did not find any apparent changes in time to peak tension or latency as clamp voltage was increased. In other experiments, however, latency and time to peak tension measurements of the small contractions in response to clamps just above tension threshold were roughly 20 to 40$ longer than the values obtained for contractions in response to clamps to more positive voltages. This difference was striking enough that we cannot attribute it to inaccuracy in the measurements.
DEPENDENCE OF THE VOLTAGE-TENSION RELATION ON HOLDING POTENTIAL
It was possible to bias the holding potential away from the normal membrane potential by introducing a d-c command voltage to the summing point of the operational amplifier. Dependence of the voltage-tension curve on holding potential. The curve at left was obtained with 500msec square clamps from a holding potential of -78 mv (left arrow). The curve at right was obtained next from, a holding potential of -61 mv (right arrow). Numbers next to the experimental records indicate the order in which the observations were made. Figure 6 illustrates the effect of a shift in the holding potential on the voltage-tension relation.
The left-hand curve was obtained with a bias voltage introduced which held the preparation at -7 8 mv. The right-hand curve was obtained after the bias voltage was used to shift the holding potential to -61 mv. The change in the holding potential increased tension threshold from -67 mv to -50 mv and the early part of the voltage-tension curve was shifted to more positive voltages.
The behavior of the secondary rise was more variable. In the example in Figure 6 , the inflection in the curve was made more pronounced by the shift. In other experiments, we found that if the change in holding potential was greater than that illustrated here, bringing the holding potential to, for example, -50 mv, the secondary rise usually disappeared, giving a voltage-tension curve with a definite plateau. If the holding potential was raised to -30 or -20 mv, no tension could be obtained on further depolarization. The dependence of threshold on prior membrane voltage is explored more fully later in this paper.
The change in holding potential appeared to affect both latency and time to peak tension. The effect was particularly striking in the experiment illustrated in Figure 6 . For the voltage-tension curve obtained from a holding potential of -78 mv, latency averaged 8.4 msec (range 5 to 16 msec, with the 16-msec value associated with the smallest contraction of the series). Time to peak tension averaged 113.4 msec (range 103 to 128 msec with no apparent correspondence between time to peak tension and position on the curve). For the curve obtained from -61 mv, latency averaged 21.1 msec (range 8 to 40 msec, with the 40-msec value associated with the smallest tension response), and time to peak tension averaged 137.2 msec (range 126 to 169 msec). The 169-msec measurement was also obtained from the smallest contraction in the series.
RECOVERY
After a maximal contracture in frog skeletal muscle, Hodgkin and Horowicz (2) found that recovery of the ability to give a subsequent contracture depended on the membrane voltage during the recovery period. We performed a similar experiment under voltage-clamp conditions, examining first the rate of recovery after a clamp.
The experimental procedure is illustrated by the inset in Figure 7 . The membrane potential was initially clamped to -4 mv for 500 msec, by which time the muscle had relaxed. The muscle was then repolarized to the holding potential, -70 mv, for various times before again clamping to -4 mv for 500 msec to test the level of recovery. The peak tension response to the test clamp (P t ) relative to the response to the initial clamp (P o ) is plotted in Figure 7 as a function of the interval between
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FIGURE 7
Rate of recovery. The repolarized interval (RI in the inset) was varied to determine the rate of recovery. Ordinate: tension response to the second or test clamp (P t ) relative to the response to the initial clamp (P ). (See text.) the two clamps (the repolarized interval). Following a 500-msec clamp, recovery was essentially complete in 2 to 3 seconds. The curve in Figure 7 was fitted by eye. Oscillations in recovery were more pronounced in other similar experiments and they were, of course, not associated with any simultaneous oscillations in membrane voltage. Studies by others of the rate of recovery between steadystate contractions of the heart frequently show similar oscillations (20) which may be bizarre under certain conditions (21) .
Dependence of steady-state recovery on voltage was examined as illustrated in the inset of Figure 8 . Initial and test clamps were 500 msec long, as before. The repolarized interval was kept constant at 18 seconds, a time longer than we found necessary for recovery to reach steady levels at the voltages examined. Membrane voltage during the repolarized interval was changed in successive trials.
Results of an experiment in which the voltage of the initial and test clamps was -6 mv and the holding potential was -72 mv are shown in Figure 8 . The ratio P t /P 0 is plotted as a function of voltage in the repolarized interval. Recovery was complete if the membrane potential was more negative than -70 mv, and we found no recovery if the membrane potential was more positive than -20 mv. Voltages between these two extremes gave intermediate levels of recovery.
This result is similar to that obtained by Hodgkin and Horowicz (2) and almost identical to that reported by Beeler and Reuter (12) . We often found, however, that when the membrane potential during the repolarized interval was more negative than the holding potential, the response to the test clamp was greater than the response to the initial clamp. When this occurred, the recovery curve was similar in shape to that in Figure 8 but rose to relative tension values greater than one. This result is particularly relevant to the discussion of activation and inactivation below.
ACTIVATION AND INACTIVATION
The results of the above experiments indicate that recovery after a twitch is a voltage-dependent phenomenon, but an inter- Steady-state recovery as a function of voltage during the repolarized interval. After a 1.5 minute rest, the preparation was clamped from the holding potential of -72 mv to -6 mv for 500 msec. It was then clamped for 18 seconds to various voltages (V RI ) and recovery of the contractile system at the end of 18 seconds was tested by a second clamp identical to the first.
Ordinate: tension response to the second or test clamp (P t ) relative to the response to the initial clamp (P o ). Abscissa: voltage during the repolarized interval between clamps (V RI ). (See text.)
esting question is left open: Can muscle be brought to a state of incomplete activation only by passing through a contraction-relaxation cycle, as it does in the recovery experiments, or is it also possible to change the membrane potential and inactivate the contractile system under conditions such that contraction does not occur? If it is possible, a distinction should be made between incomplete recovery, or restoration, of the contractile system after a contraction and inactivation of the system without the appearance of contractile activity. To examine this question, depolarizing presteps were used to determine whether the contractile mechanism could be inactivated in the absence of contraction and to determine the approximate rate of the inactivation. The experimental procedure is illustrated by the inset of Figure 9 . The response to a square clamp above tension threshold was determined, then clamps to the same voltage were preceded by depolarizing presteps of various lengths and to a voltage below tension Circulation Research, Vol. XXVlll, April 1971 threshold so that no contraction resulted.
The result of an experiment of this type is given in Figure 9 . The response to the test clamp preceded by the prestep, relative to the response with no prestep, is plotted as a function of prestep duration. The holding potential prior to the prestep was -64 mv; the prestep was to -47 mv (tension threshold in this preparation was -45 mv if no prestep was given) and the test clamp was to -23 mv.
The response to the test clamp decreased rapidly as the prestep was lengthened. A prestep of about 500 msec gave maximal inactivation. The counterpart to this experiment would be to determine whether the system could also be activated by a hyperpolarizing prestep. This possibility is strongly suggested by the observation, described in the preceding section, that relative tensions greater than one could be obtained in the experiments on recovery. This was a more difficult experiment because the inward sodium current was larger following a hyperpolarizing prestep (22) , and this made it difficult Rate of inactivation due to a depolarizing prestep. The holding potential of the preparation was -64 mv and the threshold for tension development was -45 mv. The response to a 500 msec clamp to -23 mv (P o ) was determined. In successive trials, an identical clamp was preceded by presteps to -47 mv with durations of 50 to 5000 msec and the tension responses (P t ) were recorded. Ordinate: tension response to clamp from -47 mv prestep to -23 mv (P t ) relative to the response to a clamp to the same voltage in the absence of a prestep (P o ). Abcissa: duration of the -47 mv. (See text.) to control the voltage adequately on depolarizing to the test clamp voltage. The data obtained indicated that the contractile mechanism could be activated by hyperpolarizing presteps (i.e., caused to give a greater contraction than in the absence of a prestep). The time course appeared to be similar to that illustrated in Figure 9 . Activation or inactivation of the sodium inward current occurred in the prestep experiments along with changes in the tension response to the test clamps, and this raises the question whether there may be a causal relationship between inward sodium current and contraction. The following observations suggest that there is not. The prestep, which was to a voltage below tension threshold, activated inward sodium current, indicating that the threshold for sodium current was more negative than the threshold for tension development. This was a consistent observa-tion in our experiments. Furthermore, although the experiments were designed to study changes in the excitation-contraction coupling mechanism, it was possible to obtain some data on activation and inactivation of the sodium carrier system. In one experiment, presteps of different durations were used to hyperpolarize a fiber from -70 to -76 mv. The sodium current elicited by a subsequent test clamp to -56 mv increased along an approximately exponential time course with a time constant of about 13.5 msec. This is close to the time constant of activation of approximately 11 msec obtained by Weidmann (22, Fig. 5 ) on clamping from -66 mv to -80 mv, and is about ten times faster than the rate of activation of the contractile system.
DEPENDENCE OF THRESHOLD ON VOLTAGE
The voltage dependence of tension threshold was examined by the technique illustrated in the inset of Figure 10 . The first determination of tension threshold was made from the holding potential of -64 mv by -BO -90 -80 -70 -40 -50 -40 -30 -20 -10
MEMBRANE VOLTAGE (mv.)
Dependence of tension threshold on preexisting membrane voltage. The holding potential was -64 mv. Voltages more positive than -64 mv were obtained by one or more 500 msec depolarizing clamps, each of which was to a voltage below tension threshold (see text). For a given prestep configuration, threshold was determined by adjusting the voltage of the final clamp until tension was just detectable. Abcissa: membrane potential during prestep just prior to threshold determination.
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varying, in successive trials, the voltage of a 500-msec clamp until tension was just detectable. This value for tension threshold is plotted in Figure 10 as the tension threshold corresponding to a membrane potential of -64 mv. To determine the tension threshold characteristic of more positive potentials, 500msec presteps were used which depolarized the muscle to voltages below the tension threshold determined at -64 mv. At the end of the presteps, test clamps were used as before to determine the tension threshold characteristic of the prestep voltage. Some of the voltages at which we wished to determine threshold were too positive to be reached in a single prestep without causing tension, so two presteps were used, each of which depolarized the fiber to a voltage below the tension threshold characteristic of the preceding voltage. Hyperpolarizing presteps were used to establish voltages more negative than the holding potential for threshold determinations in this voltage range. Figure 10 shows a typical result. The dependence of tension threshold on membrane voltage is slight for voltages more negative than -75 mv; at potentials more positive than -75 mv there is a steep dependence, and if membrane voltage was -30 mv or higher, depolarization to +30 or +40 mv did not cause tension.
Discussion
GENERAL CHARACTERISTICS OF CONTRACTIONS
Our results are in general agreement with those obtained by Fozzard and Hellam (9) , except that we usually found a shorter latency than the 40-msec figure that they reported. It is possible that several factors, including the slightly higher temperature and calcium concentration and the correction for filter delay, may account for the shorter latency we observed. Subtle changes in latency and time to peak tension sometimes appeared to be correlated with changes in clamp voltage or holding potential. Because of the variability in the measurements, discussion of these changes should be deferred until better data are available.
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There is conflicting evidence concerning whether relaxation in cardiac muscle is controlled by the repolarization phase of the action potential (see Brady [23] for review). Purkinje fibers of several species have been shown to relax before the end of the action potential (9, 24, 25) . We found, however, a slight dependence of the rate of relaxation on voltage ( Fig. 4 ) and some maintained tension during large depolarizing clamps. It is not yet possible to say whether the behavior of Purkinje fibers is also characteristic of working mammalian ventricular muscle. Beeler and Reuter (12) recently demonstrated complete relaxation during maintained depolarization of dog ventricular trabeculae, but the experiments of Kavaler (5), Morad and Trautwein (6) , and Wood et al. (7) suggest a strong dependence of relaxation on membrane voltage in ventricular muscle.
ACTIVATOR RELEASE
The results of the experiments using very short clamps indicate that activator release can be graded by clamp duration. It is striking to find that time to peak tension is not altered under these conditions and that the change in peak tension is due entirely to a change in dP/dt. Thus the contraction following, for example, a 10-msec clamp is much smaller than that resulting from a 100-msec clamp to the same voltage, but the rising phase follows a similar time course.
The failure of clamp duration to affect time to peak tension in our experiments contrasts sharply with the results reported by Morad and Trautwein (6) who found time to peak tension to be independent of action potential duration for durations between 0 and 50 msec and strongly dependent on action potential duration for durations between 50 and 200 msec. This may reflect a real difference in the behavior of the tissues used, but it should be noted that their experiment was performed at 25°C, and this may account for part of the difference. A somewhat similar experiment reported by Beeler and Reuter (12) gave a relation between peak tension and clamp duration different from ours, but their experiment examined the dependence of steady-state contraction strength on clamp duration, and the two results probably should not be compared.
A tentative interpretation of the results of our short clamp experiments can be based on the following. (1) The release mechanism cannot know when the clamp will be terminated, so for clamps to a given voltage, the time course of release must always be the same until the clamps ends. (2) Relaxation occurs even when depolarization is maintained; therefore the mechanism that removes activator from the contractile system must operate during maintained depolarization. As suggested by Hodgkin and Horowicz (2), one possibility is to assume that activator is released into the system on depolarization and is removed from the system in a first order reaction. (3) Peak tension is reduced when the clamp is terminated early, suggesting that repolarization terminates release and the activator level in the vicinity of the myofilaments begins to decline. (4) The time course of the rising phase of contraction is invariant for clamps shorter than time to peak tension, but the rate of relaxation is slowed if depolarization is prolonged beyond the peak of the contraction.
Also of importance is the conclusion by Podolsky and Teichholz (26) that relaxation in muscle reflects the rate at which bound activator (calcium) is removed from the myofilaments. After a 5-msec clamp, the level of activator must decline quickly. Yet contraction still occurs, reaching a peak some 100 msec later. We infer from this that the binding of activator to the myofilaments must be rapid and tight. The distinction should probably be made between two activator "levels" of importance in governing contraction-that in the vicinity of the myofilaments ("free" activator) and that bound to the myofilaments. During a depolarization, we would expect that the peak level of free activator reached would determine the amount bound to the myofilaments, and that the amount bound to the myofilaments would in turn determine the strength of the contraction. Under these assumptions, the peak tension of a contraction reflects the peak level of free activator reached during the depolarization; and the ascending part of the curve relating peak tension to clamp duration (Fig. 2) is a measure of the free activator level as a function of time after the beginning of a long clamp. The time course of contractions in response to very short clamps might be determined by the kinetics of interaction of the myofilaments, by the rate of removal of activator from the myofilaments, and by passive elastic elements of the muscle, but the time course of the rising phase of contraction would not depend on clamp duration. When the depolarization is maintained beyond the peak of contraction, however, activator release would continue, albeit at an ever-decreasing rate. The free activator level would peak somewhat before the peak of contraction and begin to decline, but the rate of decline would be slower under conditions of continued release than when the clamp is terminated early. Under these conditions, the slower decline of free activator would be expected to slow relaxation by reducing the rate at which bound activator is removed from the myofilaments. An additional possibility, of course, is a slight voltage dependence of the process responsible for removing activator from the contractile system (27) .
VOLTAGE-TENSION RELATIONSHIP
The relationship between peak contractile tension and the magnitude of the voltage step is similar to that found by Fozzard and Hellam (9) . However, the plateau of tension development was seen in these experiments only when depolarizing steps were made from less polarized holding potentials. The most straightforward explanation for the relation between voltage and tension is that larger voltage steps lead to greater release of activator. This is the explanation used by others (e.g., 2, 9, 12) and is the one we shall use in interpretation of these observations. But it should be noted that no experimental information is available to evaluate radial uniformity of voltage in the fiber across infoldings of the surface membrane. This is an important question, since nonuniform activa- 
VOLTAGE-DEPENDENCE OF CONTRACTION
Our results indicate that the contractile mechanism of the Purkinje fiber preparation is voltage-dependent in a way that has not, to our knowledge, been shown before. The shape, tension threshold, and position on the voltage axis of the voltage-tension curve depended strongly on preexisting membrane voltage, and rapid activation and inactivation of the contractile system in response to changes in membrane voltage were demonstrated.
In particular, inactivation may occur without any measurable contraction, as indicated both by the experiments on inactivation, and those on the voltage dependence of threshold. Inactivation in the absence of contraction has also been observed under low calcium conditions in toad skeletal muscle fibers (28) and in snake muscle fibers after treatment with procaine (29) . On the basis of our data, we suggest that a distinction should be made between the processes involved in activation and inactivation and those involved in recovery. The distinction may be clearer if we propose a simple system which might be involved in a cycle of contraction, relaxation, and recovery. In this system, activator within the cell is present in three forms: a ready form (R) from which it can be released to cause contraction; an active form (A) which we would identify with the level of free activator defined in the discussion of activator release; and an inactive form (B). Contraction and relaxation would involve the release of activator from R to A and the removal of activator from A to B.
Recovery would be the process by which activator is returned from B to A, and our experiments on recovery, and those of Hodgkin and Horowicz (2), Beeler and Reuter (12) , and Heistracher and Hunt (30) , indicate that this process is voltage dependent. Since Circulation Research, Vol. XXVUI, April 1971 459 inactivation can occur without contraction, it must also be possible for activator to move directly from R to B upon depolarization, without first going to A.
This model is undoubtedly an oversimplification, one obvious reason being that it does not take into account the possibility that activator enters the cell during depolarization. It may be possible to distinguish between release of activator from internal stores and entry of activator from outside by recording currents under conditions such that the slow inward calcium current described by Reuter (16) can be related to our results. This will be one goal of future experiments. Careful examination of the time dependence and voltage dependence of contraction and of membrane currents that may be involved in activation should greatly improve our knowledge of how contraction is controlled in the heart. Such studies may also lead to a better understanding of the physical processes that couple excitation and contraction.
